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A number of researchers have argued that technological change is the primary driving force behind the evolution of market structure i&33, 34, 38] . Much of the research on the impact of sustained technological innovation on industry structure has taken either a macroeconomic approach [21a] or an historical case approach [38] . Building on this previous work, an evolutionary framework has emerged which now offers several conceptual propositions concerning how technolo~~al innovation effects market development [8, 33, 34, 43, 44] . The research presented in this paper does not attempt to test the evolutionary framework in its entirety, but it will empirically examine several proposiResearch Pohcy 21 (1992) 13-25 North-Holland tions put forth by these researchers concerning industrial structure and diffusion of technology.
Research approach
The evolutionary framework suggests that technologies follow a trajectory of development [32, 34, 43, 44] . Each trajectory marks a path of sustained technological innovation.
As technologies progress along their trajectory of development, they become more complicated and require more resources to continue development [8, 32] . This maturation process challenges organizations on both economic and engineering dimensions. Those organizations that are able to provide the necessary resources to meet each challenge will be better able of continuing to innovate. In the evolutionary economic framework, radical and product innovation are considered critical to industrial structure [32, 34] . Radical innovations in technology result in the creation of entirely new industries, such as occurred with the inventions of the jet aircraft or the transistor [9] . This type of innovation is beyond the scope of this paper. Product innovation is related to the improvement in capacity of products to fulfil certain functions and trace out a path or trajectory of a technology [8, 32] . Sustained innovation, for purposes of this paper, is when a number of improvements in a product occurs sequentially and results in new generations of the product which have enhanced performance over previous generations of the product. This movement from one product generation to another, is responsible for changes in industrial structure which result in the evolution of an industry through a number of stages [31, 34, 44] . For purposes of this paper, then, innovation represents a change in technology which is manifested in the development of new products.
Components of technologv
In For purposes of this research, additions to these two stocks will be termed "financial"
and "informational" resources, respectively. Changes in the stock variables, represented by increases in the financial and information resources in a technology are necessary for innovation.
This view of technological innovation is consistent with that of Nelson and Winter [32] and Sahal [43] .
Organizational reactions to the changes in resource needs, resulting from the imperative of sustained product innovation have direct consequences for firm size and industrial structure. Firms that are successful in innovating gain economic rents from producing products that competitors do not [16.48] . As a result, the innovative firm grows at the expense of the non-innovative firms. These firms should be better able to acquire the resources necessary to continue innovation and. as a result, large firms should be the innovators.
As industries have become increasingly global in competitive scope an important development in this argument concerning firm size and innovativeness has emerged [15.18] . Ferguson [15] has argued that large firms will be more innovative in global industries because these firms will be able to provide the resources necessary for innovation. Gilder [18] has argued that small firms are more able to innovate because these firms are not burdened by the "bureaucratic inertia" of large firms and are more adaptive to changes in markets.
Success of large versus small firms in innovating has a direct impact on industrial structure in that the success of large firms would increase the likelihood that markets would become more concentrated. Changes in industrial structure, such as firm size or market concentration.
are important in that these will effect the diffusion of innovations [34] . As a technology matures. barriers to entry become great and fewer firms enter. resulting in a decreasing number of firms in the industry [31.34] . Firms that have already entered the industry as the prime movers in a technology are most likely to continue in the industry. Hence, both the number of firms and the continuity of the firms in an industry become constant or decrease as the technology matures.
To summarize. the evolutionary economic framework argues that continued product innovation requires increasing resources. This favors large firms and results in changes in industrial structure. Changes in industrial structure. as reflected in increases in firm size and market concentration levels should inhibit diffusion of innovation as reflected in the number of firms adopting an innovation and the continuity of innovating firms.
Propositions
Using the evolutionary economic framework described above as a base, several propositions will be derived that can be empirically tested. The first of these propositions is concerned with the changes in the resources needed as a technology undergoes a series of innovations, or sustained innovation.
The second and third propositions are concerned with the impact of sustained innovation on firm size and market structure. The fourth and fifth are concerned with the impact of sustained innovation on diffusion.
Proposition One: As a technology undergoes sustained innovations, the level of informational and financial resources needed to continue innovation should increase.
Proposrtion Two: As a technology undergoes sustained innovation.
the size of the firms entering first should increase.
Proposrtlon Three: As a technology undergoes sustained innovation.
the concentration of the industry should increase.
Proposition Four: As a technology undergoes sustained innovation, the maximum number of firms adopting the innovation should decrease.
Proposition Five: As a technology undergoes sustained innovation, the continuity of firms between innovations should increase.
Methodology
The above propositions were tested by examining the impact of technological innovation in the Dynamic Random Access Memory (DRAM) segment of the integrated circuit (IC) industry for the years 1974 to 1989. The DRAM segment was chosen because innovations in this device are crucial to developing the design and production technologies for all other integrated circuit devices [25] . It is also a technology where a number of product innovations have been generated over a period of years and as such has undergone sustained innovation.
Consequently. the DRAM device lends itself to study of the impact of sustained innovation through product development on market structure.
Data for this study were collected from archival sources and during field trips in Japan and the United States. Japan and the United States were chosen because firms from both countries produce well over 90 percent of the DRAM devices sold in the world market [lo] . Both the archival and interview data were collected between 1984 and 1990.
It should be noted that only firms from the "merchant" portion of the DRAM market were used. These firms comprise about 92 percent of the entire production of DRAM devices. In 1990 this amounted to $7.15 billion [25a] . Merchant firms are those that produce and sell the DRAM product to other firms. Firms, such as IBM, that produce the DRAM device, but do not sell it to other firms are known as "captive" suppliers and were excluded from this study. The total number of firms that were studied was 22. This number varied somewhat throughout the time period of the study because some firms exited and other entered the DRAM segment of the integrated circuit industry.
Measures

Sustained innovation
A technological innovation was determined by a change in the capacity of the DRAM device to store information.
This capacity was measured by the density or number of bits of information that can be stored in the memory device. Using this definition, there have been four product innovations, or changes in device type, in the DRAM during the period of study. The base is the 4 K DRAM and innovations occurred with the introduction of the 16 K DRAM. 64 K DRAM, 256 K DRAM. 1 Mb DRAM and 4 Mb DRAM. For this product, "K" represents 1000 bits, and "Mb" represents l,OOO,OOO bits. From this progression of innovations, the DRAM product traces a technology trajectory from the 4 K through the 16 K, 64 K, 256 K. 1 Mb and the 4 Mb devices.
Financml resource needs
The financial resources were measured by the initial average offering price of each device, and by the level of investment needed to enter the integrated circuit industry. Both of these measures are tied directly to improvements in DRAM product technology.
As such these measures should provide a more accurate representation of the cost of innovating in this technology than would research and development or capitalization figures which represent expenditures for the industry as a whole.
Informational resource needs
Archival data on the use of informational resources is not available.
Therefore, a surrogate measure was used to indicate the level of information resource use associated with each DRAM device. In the IC industry it is customary to circulate to potential customers, samples of integrated circuit devices that are new. These are samples of the prototype design of the new device or chip and are available in very limited quantity. There exists an interval of time between when the chips are first "sampled" and when they are available at "significant" production levels. "Sampling time" reflects the efforts necessary to "de-bug" the production of the initial product design based on customer feedback. Because of the relative simplicity of designing a new DRAM device compared to "ramping up" production, the sampling time is a good surrogate for information resource needed to move from prototype to a mass produced product.
To be conservative in this analysis, the "significant" level of production was chosen to be 40,000 units per quarter. This is a small quantity. and the importance of the demand factor is thus minimized. The difference between the quarter in which initial samples were sent to customers and the quarter when shipment was greater than 40,000 units was then calculated; this is called the sampling time. The average sampling time was determined for each DRAM device type by averaging the sampling time across all the firms that introduced the device. The differences in these averages were then calculated for all the firms in the DRAM market.
Firm size
A measure of firm size used by Nelson and Winter 1341 in their study of innovation is market share. For this study, therefore. market share, as measured by sales revenue in the overall integrated circuit industry in the firm's home market, was used to determine the firm's rank. Use of the home market data was necessary because Japanese firms only became significant suppliers of DRAMS after the 64 K device was introduced.
Therefore, only domestic sales figures were available for Japanese firms through the 64 K device. In order to maintain consistency, this method of calculatmg firm rank based on home market sales was applied throughout all the DRAM innovations. The rank of the firm in terms of home market share at the time it entered the market for each DRAM device type was used m the analysis. Again, it should be noted that only firms from the "merchant" portion of the DRAM market were used.
Market structure
The market structure was measured by a concentration ratio for firms producing the device. The degree of concentration was defined by the Herfindahl index [18a] . the sum of the squared shares of each firm in the market. While only one measure of market structure was applied to the DRAM market, it is considered the best of the well known measures of concentration and theoretically superior to the four firm ratio which is often used because of ease of computation
[18a]. Further.
the Herfindahl index is a measure of market structure and not market performance and should therefore provide a clearer picture of the changes that occur with a change in technology [21, p. 511.
Number and rnnovation contmurty of firms
The ma~mum number of firms that adopt an innovation is one measure of diffusion. This measure of diffusion was calculated for each type of device; that is, the 4 K through 4 Mb markets. In the 4 Mb market, the maximum number of firms was for the year 1988, the most recent time for which data were available.
With each innovation in the DRAM product firms that produced that device were noted. Innovation continuity of firms was defined as the period over which a firm was innovating, producing and selling each of the devices. For a firm to be considered a part of the DRAM market. it is not sufficient for the firm to be producing previous generations of DRAM devices. It must also be innovating and producing the most recent type of DRAM. The length of time that a firm was considered a part of the DRAM market was determined by the device type it entered on, such as 4 K, 16 K and so on, and if appropriate, the device type it exited on. Consequently, the continuity for a firm was measured by the firm's presence in a particular DRAM device type.
Results
Maturation in the DRAM product / technology
Within the evolutionary framework, it is important that the technology be mature, in order for it to exhibit the characteristics that are summarized in the propositions.
The DRAM technology is maturing. Of the various integrated circuit devices produced by firms in the IC industry, it is one of the oldest. The very first DRAM was introduced in the early 1970s. While new devices are still being introduced, the rate of innovation, a measure of technological maturity, is decreasing. While the IC technology has continued to progress through a number of innovations, the rate of innovation, as measured by the rate of density increase, has decreased since the 1960s. During the 1960s the rate was about 100 percent per annum. Coincidental with the introduction of the first DRAM, this rate dropped to between 50 percent and 60 percent per annum in the 1970s and is expected to decrease to 25 percent per annum in the late 1980s and 1990s [25] . Consequently, the DRAM has matured as it has progressed along its technological trajectory.
Test of Proposition One: Financial resource needs
As the DRAM device technology progressed along its technological trajectory and matured, the level of financial resources necessary for each device is expected to increase. This is reflected in table 1. In the table, the initial average selling price of each device is displayed. This price is the price at the time of introduction of the device, before learning curve economies within each device have set in. The price is a reflection of the capital and research and development expenses needed to bring the device into production.
A significant break occurs between the Large Scale Integration (LSI) production techniques (4 K and 16 K devices) and the Very Large Scale Integration (VLSI) production techniques (64 K, 256 K, and 1 Mb devices). The differences within the LSI and VLSI groups are not great, but between the LSI and VLSI groups a large difference is observed. While the initial price for the 1 Mb device is lower than its VLSI companion devices, it is still more than double the price of the 16 K LSI device. Another significant break appears with the 4 Mb device. This is the beginning of the Ultra Large Scale Integration (ULSI) devices, which includes the yet to be marketed 16 Mb device, and the yet to be developed 64 Mb device.
A similar pattern emerges from the financial investment needed to produce these devices. As noted in table 2, the initial investment necessary for entry has risen from about 20 million dollars in 1980 to 60 million dollars in 1984 and to 100 million dollars in 1987. In 1989 the cost of establishing a state-of-the-art fabrication facility was estimated to be $250 million and the projections are that by 1993 it will cost over $750 million. It is evident from these two tables that the financial resources needed for continued innovation in the DRAM segment of the integrated circuit industry is increasing.
Test of Proposition One: Information resource needs
As the DRAM device technology has matured, information resources also increased. The division between LSI and VLSI that was seen with the financial resources, was used in the analyses of the information resources.
As seen in table 3, the average sampling times are increasing as the innovations move from the LSI to the VLSI devices. An ANOVA indicated that the difference in means was statistically significant. This analysis was repeated for each of the device types, 4 K, 16 K, 64 K, 256 K and 1 Mb DRAM. This was done in order to provide a more detailed examination of the changes in information resources. Again. the average sampling time increases from the 4 K to the 64 K. Although there is a decline with the 256 K device the upward trend continues with the 1 Mb device. An analysis of variance test applied to the data for the 4 K through the 1 Mb device shows similar results to those found in testing the differences between LSI and VLSI categories:
that is, the differences in the mean sampling time are statistically significant. Having examined the relationship between both resource needs and innovation. and having shown that these increase as predicted by Proposition One, the effect of these changes on market structure and firm size will now be explored.
Test of Proposltlon Two: Fwrn size
The data on firm size is presented in table 4. The first three entrants into each device market is displayed in the table. In the case of ties, where more than one firm introduced the device at the same time, they are grouped together and share the same entrant position.
From the table. it can be seen that relatively small firms dominated in the LSI era, 4 K and 16 K DRAM devices. The first firms to enter, or "prime movers", were not in the largest market Intel (5) Tl (I)
Intel (4) Mostek (9) FuJitsu (4) Hitacht (2) AT&T (N/A) Toshiba (4) Hitachi (2) Hitachi (3) NEC (1) Toshtba (2) Mostek (10) NEC (3) Tl (I) FuJttsu (7) NEC (3) Tl (I)
FuJitsu (5) Mitsubishi (7) Oki (17) Tl ( Two and tends to lend credence to the argument that large firms have an advantage in innovation in response to increasing resource needs. The impact of the increase in firm size on market structure will be examined in the next section.
Test of Proposition Three: Market structure and the diffusion process
The Herfindahl index was computed for the overall sample and for each quarter for which data was available. The time interval was from the first quarter of 1974 until the last quarter of 1988. The Herfindahl index for the DRAM market is displayed in fig. 1 . The most striking feature of the figure is that the market concentration decreases over time. This is not in accord with Proposition Three. It is also a counter-intuitive result, given the increasing firm size noted in the above section. / 1973 1975 1977 1979 1981 1983 1985 1987 1989 YfXlr Fig. 1 . Level of cOncentratlOn for US and Japaneae producer5 of DRAM dewces as measured by the Herfindahl mdex 1973-1988. This contradiction between larger firms in a less concentrated market will be examined in a later section.
Test of Proposition Four: Maxlmum number of firms in each device market
Data on the maximum number of firms in each device market is presented in table 5. The data presented is for the 4 K, 16 K, 64 K, 256 K devices and 1 Mb devices. The 4 Mb device is included, but results for this device are still considered preliminary because it is still in the early years of introduction.
As is evident from the table, the number of firms for the total DRAM device market became constant at seventeen firms after the 16 K device and continued at this number through the 256 K device. The number of firms that have entered the 1 Mb device market is fourteen as of 1989. Thus overall, the pool of potential adopters is stabilizing. Further, it is stabilizing at a number that is Four is supported by the data presented.
These findings offer only part of the picture of the diffusion process, however. In order to gain a better understanding of the dynamics of adoption it is important to examine the continuity of the firms.
Information concerning innovation continuity is supplied in fig. 2 . The existence of strong continuity among the firms would indicate that barriers to entry exist through first mover advantages. These barriers would slow the diffusion process. From the figure it is evident that both entry as well as exit have occurred throughout the life cycle of the DRAM technology. Ten firms have entered the merchant end of the DRAM IC industry. Nine firms have exited from the merchant IC industry. Two firms have exited and re-entered.
These are indicated by the broken lines for Intel and Motorola. ATT is still producing the 1 Mb DRAM but is not selling it in the merchant market.
Additional firms have entered with each new device type. Three firms entered in the 16 K, two in the 64 K, three in the 256 K and two in the 1 Mb device market. It should be noted that in the 64 K, 256 K and 1 Mb devices one of the entering firms, has been an entrepreneurial start up firm. Micron, in the 64 K, Vitelic in the 256 K and a venture start up, albeit a well financed venture firm from Japan, NMB, in the 1 Mb device have each innovated these VLSI devices. As of the first quarter of 1990. no new entrants have emerged in the 4 Mb device market. The existence of entry into the DRAM technology is not in accord with the strict technological primacy of the evolutionary economists. However, the findings do provide some insight into the decrease in market concentration.
As new firms enter with each innovation in the DRAM technology, the market is divided among more firms.
To summarize the findings thus far, the evolutionary economic framework has received partial support from the data presented and analyses performed.
Both the information and financial resources were found to increase with succeeding innovations in accordance with Proposition One. Consequently.
as predicted by Proposition Two the size of the innovating firms increased with the movement from LSI to VLSI. However, the level of market concentration has continually decreased contrary to Proposition Three. Thus, the findings on industrial structure are mixed. Consequently, the findings concerning the diffusion of innovation are also mixed. From Proposition Four, the maximum number of firms was shown to increase from the 4 K to 16 K and then to stabilize for the 64 K and 256 K product markets. This number has declined in the 1 Mb product market. As the DRAM technology has undergone continuous innovation in its products, the industry is coalescing around a core group of companies in accordance with Proposition
Five, but barriers to entry and exit are not yet strong enough to preclude movement into or out of the DRAM market.
Further analysis of demand factors
The mixed findings on industrial structure raise some questions concerning the extent to which the DRAM market structure is driven strictly by technological change in the DRAM technology itself. Why are firms entering the DRAM product market, when the resources required to continue innovation increase with each new product introduction? Why has the market concentration con- tinued to decline throughout the life of the DRAM technology, even though the maximum number of firms has dropped in the 1 Mb device market? To answer these questions, additional analyses were performed on changes in demand for the DRAM device.
DRAM market expansion and technological sophistication
One possible explanation for the conflicting results between firm size and market concentration would be that the demand for the product has increased over time. Firms could become larger without the market becoming more concentrated. Measuring the demand curve of a product is empirically very difficult. However, a useful surrogate does exist. From the data collected for each device, the price and quantity combinations are known. If the quantity from device to device can be shown to increase with the price held constant, then the market can be shown to be expanding. This data is presented in fig. 3 .
From the figure it is readily apparent that the market is expanding.
since the demand curves shift outward with each device type. In order to understand the precise magnitude of these shift it is useful to compare price and quantity combinations. The price and quantity combinations for each device are not perfectly matched, but comparisons can be made.
One price will be chosen and comparisons of the quantities demanded at that price will be enumerated.
A price of $17.00 per unit is the best
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D T Methk / Technologv and demand Jactm candidate for comparisons across all the device types. For the 4 K device, the quantity demanded in the market at $17.00 per unit was 615.000. The quantity increased to 2,008,OOO for the 16 K and to 12,631,OOO for the 64 K. There were similar increases for the 256 K and 1 Mb devices with 37.980.000 and 211.633.000 DRAM units demanded at the chosen price. Thus, shifts of the supply and demands curves are occurring as well as movement along them. Hence, it is possible for firms to grow larger without pushing other firms out of the market since the market is expanding.
This expansion in the market is related to the increasing capacity of the DRAM device for memory storage. This has made each succeeding innovation in the DRAM technology more appealing to users of IC memory technology. As a result, the number of types of applications have increased, causing, in turn, an increase in the number of DRAM users.
As can be seen in table 6, with each new DRAM product innovation the number of applications has increased. Applications for the DRAM began primarily with mainframe computers. This application has continued to expand as the types of computers, such as personal computers, have grown in number and these computers have been used m a wider variety of industrial and commercial settings. Further. there is a growing number of consumer applications, such as VCRs and the development of HDTV. This shift in applications for the DRAM has had broad implications for the producers of the DRAM device. It is the technological improvements in the DRAM device which have caused the increase in the number of applications. and this, in turn has resulted in the shift outward of the demand curves for each DRAM device type.
Discussion
Implications for firms
From the above analyses it can be seen that sustained innovation does help to establish the strategic environment in which firms must compete. Three basic findings from this study provide an initial evaluation of the usefulness of the evolutionary framework in providing insights into how sustained innovation effects the strategic environ- The effect of this increase in resources is moderated by the growth of demand for the product. however. Growth in the demand for the DRAM was tied to the increasing variety of uses for the DRAM. which in turn is tied to the increasing memory storage capacity of the DRAM. It was this rapid growth in demand which allowed for the entry of new firms, and as a result the concentration ratio of the DRAM segment has decreased over time. It appears that sustained technological innovation can be both a blessing and a curse for firms. At once increasing both the requisite resource level needed to innovate a product and the demand for each product innovation. Second, first movers did not necessarily have the advantage that is suggested by the evolutionary school of thought. While first mover advantages were enjoyed within each DRAM product innovation, that was not the case between the innovations.
Each new innovation provided a "window of opportunity" for a firm lagging in the current product generation to attempt to gain on the leading firm and overtake it with the innovation of the next product generation. Although some form of Schumpeterian competition was found to occur, the monopoly rents derived from such competition were low across the DRAM product innovation categories. Under conditions of sustained innovation in the DRAM technology, there was a crowding of firms into the first three entry positions. This suggests that the usual definition of "prime mover" may be too narrow if it applies only to the first firm to enter with an innovation.
Both the first and second findings have implications for the debate concerning firm size and innovativeness most recently raised by Ferguson and Gilder [ 15,181. Although large firms have come to dominate the DRAM segment of the IC industry, many of these firms have grown large because they have stayed in the DRAM segment and continued to innovate. Also, firms are continuing to enter the DRAM segment: two were entrepreneurial start up firms from the U.S. and one from Japan. All entered during the VLSI era, which was shown to require more resources than the LSI era for innovation.
Further. while large firms have become the innovators, they were not able to maintain their prime mover lead from innovation to innovation. These findings tend to present a more complicated picture of firm size and innovativeness than presented either by Ferguson or Gilder.
The third finding concerns the effect of sustained innovation on diffusion. The diffusion curve for the DRAM technology did not follow the smooth S-curve pattern.
In spite of expanding demand for the DRAM product, the number of firms adopting the various DRAM innovations was far short of the total number of firms in the integrated circuit industry. The increasing technological cost of entry as exhibited by increases in the financial and information resources limited the number of potential adopters of the DRAM. The rate of adoption did not follow the standard sigmoidal pattern of increasing up to the 50 percent point and then decreasing.
As seen from fig. 2 . even viewing diffusion from the perspective of those firms most likely to "adopt" a new DRAM innovation -that is, those firms that had produced the previous innovation -many failed to do so. It even appears that a "shake out" occurred within the 1 Mb product category. While the demand curve has continued to shift outward, a recession that occurred in the IC industry at the same time as the introduction of the 1 Mb device, caused a number of DRAM producers from the U.S. side to exit. Although some of these firms have re-entered under various forms of licensing agreements from Japanese firms, in terms of the firms producing the DRAM innovations, the results favor the interpretation that the diffusion curve has not followed an S-shaped pattern.
In summary, sustained technological innovation was found to result in increased financial and information resources. Large firms were more able to sustain the innovative momentum necessary to remain in the DRAM market, but not at the total exclusion of small firms. The results concerning sustained technological innovation and market structure were more complicated.
Increases or decreases in demand were also found to effect both firm entry, exit and market concentration. From the findings derived from the DRAM industry. it would appear that demand factors cannot be ignored even in an industry characterized by sustained technological innovation.
Future research
This study is not a complete test of the evolutionary framework. but it does offer some insights into the evolutionary economic framework based on empirically derived data. These insights are particularly important as firms in industries other than the integrated circuit industry attempt to use fast product development cycles as a competitive strategy. Clarification of first mover advantages when demand and technology factors are interacting needs further research. Research into this area will also help to explain more fully the debate between favoring Since uct. the those favoring large firms and those small firms as innovators. this study examined an important prod-DRAM, it provides a base for further empirical examination of the interaction of demand and technology factors in an industrial setting. It points to the importance of and need for more longitudinal or time series studies of products and technologies in other industrial settings. Hence, another fruitful area for future research would be to examine the evolutionary framework in other industries that are characterized by sustained product innovation.
Such work would also lead to a more comprehensive and complete test of the evolutionary economic framework.
